Xenopus laevis is an excellent animal for analyzing early vertebrate development.
Introduction neurulation (neurula stage) occurs, during which the neural plate folds to become the neural tube. Following the closure of the neural tube, the period of organogenesis commences (tailbud stage).
Various effects of PGs on growth factor-related cellular events have been observed during Xenopus embryogenesis. HS-PG has been postulated to participate in the mesoderm's formation in early Xenopus embryos (Brickman and Gerhart 1994; Itoh and Sokol 1994; Furuya et al. 1995) . Immunohistochemistry using the anti-HS mouse monoclonal antibody, HepSS-1, revealed that HS-PG occurs mainly in the animal hemisphere in the early gastrula (Furuya et al. 1995) . Furthermore, elimination of HSPGs by heparitinases induced abnormal mesodermal differentiation (Brickman and Gerhart 1994; Itoh and Sokol 1994; Furuya et al. 1995) . PGs appear to play indispensable roles in Xenopus development by modifying actions of GAG-binding growth factors and morphogens. Specific antisense knock-down of Xenopus heparanases, HS-degrading enzymes, results in a failure of embryogenesis to proceed, suggesting that heparanases regulate the developmental processes (Bertolesi et al. 2008 ). The serine protease xHtrA1 activates FGF signals by cleaving the core proteins of PGs and releasing cell-surface GAG-bound FGF ligands (Hou et al. 2007 ). CS-PGs also play an important role in Xenopus embryos. The notochord-derived CS-PGs act as repulsive signaling molecules that are recognized by Contactin, which has been implicated in axonal guidance of spinal sensory neurons in Xenopus tailbud embryos (Fujita and Nagata 2005) . Nurcombe et al. (1993) reported, although it was not confirmed by others, that a single species of HS-PG undergoes a rapid, tightly controlled change in growth factor-binding specificity concomitant with the temporal expression of FGF-1 and FGF-dynamic structural changes and switch binding properties coordinated with the timing of the expression of various growth/differentiation factors such as FGF-2, MK, and PTN to control their activities during early embryogenesis. However, this concept has never been established.
In Xenopus development, the expression of several GAG-interacting growth/differentiation factors has been detected. Growth factors belonging to the FGF family are involved in morphological events during embryogenesis in Xenopus. The expression of FGF-2 is turned on from anterior and posterior regions simultaneously at the mid-neurula stage and greatly increases during the late neurula and tailbud stages (Song and Slack 1994) . Disruption of the FGF-2 signaling pathway resulted in severe inhibition of invagination and neural tube closure in the posterior region of Xenopus embryos (Amaya et al. 1991) . MK was first expressed at the mid-gastrula stage and was located in the neural anlage at the late gastrula stage (Sekiguchi et al. 1995) . At the neurula and tailbud stages, MK was predominantly localized in the brain and neural tube. The expression of PTN was restricted to the central nervous system, particularly in the hind-brain at the tailbud stage in Xenopus (Tujimura et al. 1995) .
In this study, we have characterized Xenopus HS and CS/DS at four different embryonic stages, the preMBT, gastrula, neurula, and tailbud stages. Structure and growth factor-binding capacities were compared to elucidate the relationship between the fine structural alteration and the changes in the growth factor-binding specificities during development using FGF-1, FGF-2, MK, and PTN as representative growth/differentiation factors.
Results

Structural Analysis of Xenopus GAGs from Different Developmental Stages
The GAG fractions purified at different developmental stages were digested exhaustively with chondroitinase ABC or a mixture of heparinase and heparitinase, and the resulting disaccharides were labeled with a fluorophore 2-aminobenzamide (2AB) and analyzed by HPLC on an amine-bound silica column. As representative chromatograms, the HPLC profile of the GAG fraction from the tailbud stage digested with chondoritinase ABC or a mixture of heparinase and heparitinase is shown in Fig.   1 . Each disaccharide peak was identified by comparison of the elution position with those of the standard 2AB-disaccharides. The yield of each disaccharide was calculated based on the fluorescence intensity (Kinoshita and Sugahara 1999) . The total amounts and composition of disaccharides of the CS/DS and HS produced from Xenopus embryos at different developmental stages are summarized in Tables I and II as well as in Figs. 2 and 3. The total amounts of both HS and CS/DS chains decreased from the preMBT to gastrula stage, but then increased exponentially during the following developmental stages. The zygotic genome in Xenopus laevis is quiescent until the MBT stage, and transcription is repressed at the preMBT stage. Thus, GAG synthesis during the preMBT stage is regulated by maternal transcripts and proteins. The change in the total amount of GAGs in Xenopus embryos at around the gastrula stage and thereafter probably reflects the switchover of GAG biosynthetic enzymes from maternal to zygotic gene products. The dramatic increase in GAGs at the tailbud stage may indicate the requirement of large amounts of GAGs for Xenopus organogenesis at this stage. Fig. 1, Fig. 2, Fig. 3 , Table I, Table II Reproducible differences were detected in the disaccharide profile of HS and CS/DS from Xenopus embryos at different developmental stages. The major disaccharide unit in the HS fractions was the nonsulfated disaccharide HexUA1-4GlcNAc at all stages tested. There was an increase in the proportion of the nonsulfated disaccharide and a decrease in the sulfated disaccharide units with development. The average number of sulfate groups/100 disaccharides in the HS preparations from the preMBT, gastrula, neurula, and tailbud stages was 111, 78, 82, and 48, respectively.
The complete digestion of Xenopus GAG fractions with chondroitinase ABC yielded the disaccharides, HexUA1-3GalNAc (Di-0S), HexUA1-3GalNAc(4-sulfate) (Di-4S), and HexUA1-3GalNAc(6-sulfate) (Di-6S). The proportions of Di-0S and Di-6S increased, whereas that of Di-4S decreased gradually with development. Oversulfated disaccharide units such as HexUA(2-sulfate)1-3GalNAc(6-sulfate) and HexUA1-3GalNAc(4,6-disulfate) found in vertebrate CS (Ueoka et al. 2000; Tsuchida et al. 2001; Maeda et al. 2003; Bao et al. 2004; Bergefall et al. 2005; Mitsunaga et al. 2006) were not detected at any developmental stages.
The molecular sizes of the Xenopus HS and CS/DS chains at different developmental stages were analyzed by gel filtration chromatography on a column of Superdex 200. To monitor small amounts of GAGs, aliquots of individual fractions were lyophilized and digested with chondroitinase ABC or a mixture of heparinase and heparitinase, respectively, then the products were derivatized with a fluorophore 2AB and analyzed by anion-exchange HPLC as described in "Materials and methods." Since the amount of the GAG fraction from the preMBT stage was limited, the molecular size of GAGs at this stage was not analyzed. Compared with the calibration plot prepared using size-defined commercial polysaccharides, the average molecular size of the major component in the Xenopus HS and CS/DS at the gastrula, neurula, or tailbud stage was estimated to be 47, 47, or 57, and 47, 68, or 83 kDa, respectively (Fig. 4) . The chain length of Xenopus HS fractions did not significantly change during development, whereas that of Xenopus CS/DS fractions increased with development. It also should be noted that the chain length of Xenopus CS/DS preparations was rather heterogeneous.
The proportion of DS structure in Xenopus CS/DS chains was also analyzed.
GAG preparations were extensively digested with a mixture of chondroitinases ABC and AC-I or chondroitinase AC-I alone, and the resultant unsaturated disaccharides were individually analyzed by anion-exchange HPLC for identification and quantification. The linkages susceptible to chondroitinase ABC or AC-I correspond to the amounts of GlcUA and IdoUA (CS and DS) or GlcUA (CS), respectively. The data obtained from digestion experiments with chondroitinases are summarized in Table II. The proportion of DS structure in Xenopus CS/DS preparations decreases during embryonic development as follows: 55 (preMBT), 32 (gastrula), 29 (neurula), and 23 % (tailbud). Table III, Table IV Both CS/DS and HS chains of Xenopus bound FGF-1, FGF-2, MK and PTN with comparable affinities. To compare the affinities of growth factors for Xenopus GAG fractions, on-rates (k a ) and off-rates (k d ) were plotted on an on-/off-rate map (Fig. 7) .
The k d values were plotted on the x-axis. The further to the left a data point appears on the map, the more stable the binding is. The k a values were plotted on the y-axis. The higher up, the better the recognition is. As the affinity is the ratio of the k d value to the k a value, growth factors binding to the GAGs with a similar affinity lie on the straight diagonal line as indicated in Fig. 8 . Growth factors that bind with high affinity appear in the upper left hand corner of the map. 
Comparison of the Affinity of Growth Factors to Xenopus HS Preparations from Different Developmental Stages
Alteration of the K d values observed for the interaction of various growth factors with
the Xenopus HS during development is shown in Fig. 8 and Table III (Table III) . As indicated in 
Comparison of the Affinity of Growth Factors for Xenopus CS/DS Preparations at Different Developmental Stages
The K d value for the interaction of FGF-2 or PTN with the Xenopus CS/DS decreased or increased with development as follows: 167 or 3.3 (gastrula), 14 or 6.8 (neurula), and 0.8 or 22 nM (tailbud), respectively (Table IV and Fig. 8 ). As the embryogenesis proceeds, the structure of the CS/DS chains in Xenopus embryos undergoes a controlled gradual change to aquire or lose the ability to bind FGF-2 or PTN, respectively. In contrast, the K d value observed for the interaction of MK with the Xenopus CS/DS altered with development as follows: 337 (gastrula), 1.0 (neurula), and 1.9 nM (tailbud), indicating that the affinity of the Xenopus CS/DS for MK increased by approximately 300-fold from the gastrula to neurula stage and then was retained until the tailbud stage.
Discussion
Several secreted growth factors including MK/PTN, the FGF family, and the transforming growth factor- superfamily govern the formation of complex body structures and patterns during development. The distribution of these signaling molecules is regulated spatiotemporally. Studies with model animals have demonstrated the crucial roles of PGs in these signaling pathways during development (Perrimon and Bernfield 2000; Lin 2004) . PG molecules regulate the activities and distribution of these signaling molecules by interacting through their GAG chains. In the present study, the structural and functional alteration of GAG chains derived from Xenopus embryos at different stages of development was investigated.
Although the exact biological significance of the developmental changes in the sulfation profile remains to be investigated, they appear to affect at least some developmentally important events such as cellular adhesion, migration, and neurite outgrowth (Herndon and Lander 1990; Faissner et al. 1994; Sugahara and Mikami 2007) . Nurcombe et al. (1993) reported that the HS-PG produced by the murine neuroepithelium at embryonic day 9 preferentially bound FGF-2 whereas there was a switch in the binding specificity of HS-PG to FGF-1 at embryonic day 11 concomitant with the temporal expression of the mRNA for FGFs. Brickman et al. (1998) demonstrated that the switch in the binding specificity of the murine neuroepithelial HS-PG from FGF-2 to FGF-1 depends on the alterations in sulfation patterns, total chain length, and the number of sulfated domains of the HS at the different developmental stages. Although such a clear discrete switch of the binding properties to growth factors as observed during murine neural development was not detected for Xenopus here, we demonstrated that the affinity for four different growth factors significantly varied during development. The structural changes of Xenopus GAGs appear to control the activities and functions of various growth/differentiation factors during embryogenesis.
The disaccharide composition of GAGs in Xenopus embryos altered during development (Fig. 3) . The degree to which Xenopus HS chains were sulfated gradually decreased with development. The proportion of nonsulfated disaccharide units increased but that of highly sulfated disaccharides decreased. However, the fine saccharide sequences in HS chains required for binding to growth factors seem to be formed even at the later stage of the Xenopus development, because all the Xenopus HS chains showed significant affinity to growth factors tested.
The 4-sulfation of GalNAc residues was predominant in CS/DS chains from preMBT embryos (79%), but the ratio of Di-6S to Di-4S decreased gradually with development. At the tailbud stage, the GalNAc 6-sulfate-containing unit becomes the predominant disaccharide unit (44%). Previous studies have indicated that the ratio of 6-sulfation/4-sulfation of GalNAc residues in CS chains changes during the development of chick cartilage (Robinson and Dorfman 1969) , chick brain (Kitagawa et al. 1997) , rat skin (Habuchi et al. 1986 ), mouse brain (Maeda et al. 2003; Mitsunaga et al. 2006) , pig brain (Bao et al. 2004 ) and human cartilage (Mathews and Glagov 1966) .
These studies showed that the ratio of Di-6S to Di-4S increased gradually during development in birds and mammals. The down-regulation of the expression of the GalNAc 6-sulfate structure in chicken embryonic brain and mouse brain was found to be parallel the developmental expression of the chondroitin 6-sulfotransferase gene (Kitagawa et al. 1997; Mitsunaga et al. 2006) . The 4-sulfation and 6-sulfation of CS chains on phosphacan PG also changes during the development of the brain in rats (Maeda et al. 1995; Margolis and Margolis 1993) . Substantial amounts of GalNAc 6-sulfate are found on phosphacan PG in the early developmental stages, but later, the CS chains of phosphacan PG are virtually composed of only the GalNAc 4-sulfate structure. However, the results obtained in the present study are quite different. The ratio of Di-6S to Di-4S decreased gradually during Xenopus development. This inconsistency might be due to the difference in the expression pattern of sulfated structures of CS/DS among species or organs. Although whole embryos were used for the GAG structural analysis in this study, individual organs such as brain, skin and cartilage were used in previous studies.
Apparently, the alteration of the affinity of GAGs for growth factors during development was not directly correlated with the change in the total amount or disaccharide composition of GAGs. These results indicated that the mechanism by which the affinity is altered during development is rather complicated, and that expression of a certain saccharide sequence specifically interacting with a growth factor might be regulated during development.
Since
Xenopus proteins were not commercially available, all growth/differentiation factors used in this study were human recombinant counterparts.
The homology of amino acid sequences of FGF-2, MK, and PTN between Xenopus and human proteins are 84, 65, and 87%, respectively. No Xenopus orthologue for FGF-1 has been reported. Thus, the interaction between human FGF-1 and Xenopus GAGs may not reflect the physiological events in Xenopus embryogenesis. FGF-1 was used as a probe to detect the fine structural alteration of a special saccharide sequence interacting with FGF-1. At least the alteration of the fine structure of Xenopus GAGs during development has been demonstrated. In the future, an interaction analysis using Xenopus proteins will be required.
In this study, we detected high affinity of the Xenopus CS/DS for FGF-1.
Although high affinity of HS for FGF-1 has been shown (Pellegrini 2001) , strong binding between FGF-1 and CS/DS chains has never been reported to our knowledge.
Previously highly sulfated CS/DS chains from squid cartilage, shark skin, hagfish notochord, or shark liver were subjected to an analysis of interaction with FGF-1 (Deepa et al. 2002; Nandini et al. 2004 Nandini et al. , 2005 Li et al. 2007 ). However, no CS/DS preparations showed affinity for FGF-1. Hence, the observation made in this study (Table II) . Xenopus CS/DS does not contain highly sulfated disaccharide units but is composed of only nonsulfated and monosulfated disaccharide units. Hence, the mixed sequence of CS with DS seems to be important to bind with FGF-1. The critical role of DS domains in neurite outgrowth has been reported (Bao et al. 2004 (Bao et al. , 2005 Li et al. 2007; Nandini et al. 2005) . Decoding the DS-containing saccharide sequence, which specifically interacts with FGF-1, remains to be accomplished.
During the association phase of MK and PTN with Xenopus GAGs, the association curves showed virtually straight lines rather than exponential curves ( (Kawashima et al. 2002; Mitsunaga et al. 2006; Nandini et al. 2004; Sotogaku et al. 2007 ). However, Xenopus CS/DS chains contain a significant proportion of DS domain.
The mixed sequence composed of CS with DS may be responsible for the high affinity to FGFs. Accumulating evidence demonstrates the important functions of DS domains in neurite outgrowth through interactions with growth/differentiation factors (Bao et al. 2004 (Bao et al. , 2005 Li et al. 2007; Nandini et al. 2005) . Although the physiological significance of the high affinity of CS/DS chains for FGFs remains to be clarified due to the use of human recombinant proteins, the strong affinity of CS/DS for FGFs may be significant and CS/DS chains also may play indispensable roles during Xenopus embryogenesis. Tokyo, Japan. 2AB was purchased from Nacalai Tesque, Kyoto, Japan. Unsaturated disaccharides derived from heparin and HS were prepared as described ). Eggs of general Xenopus laevis at the preMBT, gastrula, neurula and tailbud stages were prepared as described (Nieuwkoop and Faber 1956) .
Materials and methods
Materials
Preparation of the GAG Chains from Xenopus Embryos
Xenopus embryos at different developmental stages (9-12 ml) were homogenized in icecold acetone. The homogenates were filtrated, extracted with chloroform/methanol/water (5:5:1), and air-dried. Approximately 2.2, 2.3, 1.3, and 1.5 g of the dried materials were recovered from 10 ml of Xenopus embryos at the preMBT, gastrula, neurula, and tailbud stages, respectively. These samples were exhaustively digested with actinase E (Kaken Pharmaceutical Co., Tokyo) at 60 ˚C for 48 h, then the acid soluble fraction (5% trichloroacetic acid) was extracted with ether, and the aqueous phase was adjusted to 80% ethanol . The resultant precipitate was dissolved in 0.15 M LiCl/50 mM sodium acetate buffer, pH 4.0, and applied to a column of DEAE-cellulose (Amersham Pharmacia Biotech, Uppsala, Sweden). After a wash with the starting buffer, stepwise elution was conducted with buffers containing 0.5, 1.0, and 1.5 M LiCl. The hexuronic acid in each fraction was quantified by the carbazole method, using D-glucuronic acid as a standard (Bitter and Muir 1962) . The flow-through and 1.5 M LiCl-eluted fractions did not contain GAGs. The fractions eluted with 0.5 and 1.0 M LiCl were used for further analysis. HPLC analysis after enzymatic digestion as described below indicated that more than 90% of the sulfated GAGs were recovered in 1.0 M LiCl-eluted fractions, which were used for the examination of the interactions with growth factors.
Enzymatic Treatments and HPLC Analysis
Enzymatic treatments for the disaccharide composition analysis were carried out as
follows. An aliquot of a GAG fraction (8- or with a mixture of heparinase and heparitinase (2 mIU each) in a total volume of 50 l of acetate-NaOH buffer, pH 7.0, containing 10 mM Ca(OAc) 2 at 37 ˚C for 2 h. The digests were labeled with a fluorophore 2AB and analyzed by HPLC on an aminebound silica column as reported previously (Kinoshita and Sugahara 1999) .
Gel Filtration Chromatography of Xenopus GAGs
To determine the chain length of polysaccharides, the Xenopus GAG fraction was analyzed by gel filtration HPLC on a column (10 x 300 mm) of Superdex 200 eluted with 0.2 M ammonium bicarbonate at a flow rate of 0.4 ml/min. Fractions were collected at 2.0-min intervals, lyophilized, and digested with chondroitinase ABC or a mixture of heparinase and heparitinase. The digests were derivatized with 2-AB, then analyzed by HPLC on an amine-bound PA-03 column (Kinoshita and Sugahara 1999) .
Preparation of Biotinylated Xenopus GAGs
Xenopus GAG fractions were biotinylated as previously reported for heparin and CS-E preparations (Deepa et al. 2002) . The weight ratio of GAGs to biotin-LC-hydrazide and 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride reagents was approximately 3:1:1.
Growth Factor Binding Assays Using a BIAcore System
Real time analysis of the interactions of growth factors with biotinylated Xenopus GAG fractions or their digests with GAG lyases was performed with a BIAcore TM J biosensor (BIAcore AB, Uppsala, Sweden). A streptavidin-coated sensor chip was used to immobilize the biotinylated samples. Comparable amounts of samples were used for immobilization. The injection of biotinylated samples onto the sensor's surface was controlled to obtain a response of 320-570 resonance units (RU). BIAcore J uses a dualchannel flow and detection system so that one channel may be used as an in-line reference for sample analysis, to enhance the specificity of analyte detection. The principle of an in-line reference cell is that the sample cell is prepared with a ligand, to which the analyte binds, whereas the reference cell is either left unmodified or coated with a protein, to which the analyte does not bind. Subtracting the reference from the sample response thus gives the ligand-specific response. For the analysis of Xenopus-HS-specific interactions, the reference cell was prepared with biotinylated Xenopus GAG fractions treated with a mixture of heparinase and heparitinase. For the analysis of Xenopus CS/DS-specific interactions, the sample cell was prepared with biotinylated
Xenopus GAG fractions treated with a mixture of heparinase and heparitinase, and the corresponding reference cell was immobilized with the double digests of biotinylated Xenopus GAG fractions with chondroitinase ABC as well as a mixture of heparinse and heparitinase. The conditions for the kinetic analysis were the same as those reported previously (Deepa et al. 2004; Bao et al. 2005) . The kinetic parameters, viz. the association rate constant (k a ), the dissociation rate constant (k d ), and the equilibrium dissociation constant (K d ), were calculated wth BIAevaluation 3.1 software (BIAcore AB, Uppsala, Sweden) using a 1:1 binding model with mass transfer.
Interaction study using GAG in surface measurement always has an issue of rebinding which prevent calculating the intrinsic k d values (Sadir et al. 1998) . When measuring the binding of a protein factor to whole GAG chains, the protein may dissociate from one site on a chain and then rebind further along the chain. Such rebinding may artifactually reduce the measured value. Thus, it should be noted that some of the measurements shown in Figs. 5 and 6 might be suffering from rebinding.
2-O-sulfate; 6S, 6-O-sulfate; Di-0S, HexUA1-3GalNAc; Di-4S, HexUA1-3GalNAc(4-sulfate); Di-6S, HexUA1-3GalNAc(6-sulfate); Di-diS D , HexUA(2-sulfate)1-3GalNAc(6-sulfate); Di-diS E , HexUA1-3GalNAc(4,6-disulfate); Di-triS, HexUA(2-sulfate)1-3GalNAc(4,6-disulfate).
Conrad HexUA-GlcNAc; 2, HexUA-GlcNAc(6S); 3, HexUA-GlcNS; 4,HexUA-GlcNS(6S); 5HexUA(2S)-GlcNS; 6, HexUA(2S)-GlcNS(6S); 7, Di-0S; 8, Di-6S;
9, Di-4S; 10, Di-diS D ; 11, Di-diS E ; 12, Di-triS. In the dried materials % ng/mg preMBT 34 ± 2.2 20 ± 1.4 10 ± 1.4 5 ± 1.3 19 ± 3.7 12 ± 1.8 1.14 4.7 Gastrula 41 ± 0.3 25 ± 1.3 20 ± 1.7 1 ± 0.1 8 ± 0.5 5 ± 0.2 0.78 1.6 Neurula 45 ± 2.3 26 ± 6.0 7 ± 1.4 5 ± 3.4 12 ± 1.8 5 ± 1.8 0.82 18.2 Tailbud 65 ± 4.6 20 ± 0.8 4 ± 0.9 2 ± 0.3 7 ± 1.5 2 ± 1.2 0.48 92.7 a The values are expressed as the mean ± range for two independent experiments. b The average number of sulfate groups/disaccharide unit is given. 
